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CAMBRIAN ARCHETYPE 
(STEM-GROUP) BIVALVES

ORIGIN OF CAMBRIAN 
ARCHETYPE BIVALVES

Since the publication of the Bivalvia 
volumes of the Treatise on Invertebrate Paleon-
tology in 1969 (Cox, Nuttall, & Trueman, 
1969), with the exclusion of Lamellodonta 
Vogel, 1962, from the Bivalvia, and with 
dramatic increases in our knowledge of 
Cambrian and Ordovician bivalves and their 
close relatives, much progress has been made 
in our understanding the origin and early 
evolution of this class.

The Diasoma hypothesis of Runnegar 
and Pojeta (1974) has been overturned by 
evidence that the Scaphopoda and Cepha-
lopoda are sister groups within Cyrtosoma 
(Waller, 1998; Haszprunar, 2000; Wann-
inger & Haszprunar, 2001; Giribet & 
Wheeler, 2002; Passamaneck, Schander, & 
Halanych, 2004; Giribet & others, 2006). 
Waller (1998) suggested the Stenothecidae-
Rostroconchia-Bivalvia clade, which stands 
alone as monophyletic, diverged prior to the 
common ancestor of Gastropoda, Scaph-
opoda, and Cephalopoda.

Watsonella Grabau, 1900 (=Heraulti-
pegma Pojeta & Runnegar, 1976) was once 
regarded as the earliest and most primi-
tive rostroconch, as well as a direct link 
between stenothecid monoplacophorans 
and the Bivalvia (Runnegar & Pojeta, 
1974, 1985; Pojeta & Runnegar, 1976, 
1985; Kouchinsky, 1999, 2000). However, 
MacKinnon (1985) argued that Watsonella 
is not a rostroconch because it has no indi-

cation of pegma. Carter, Campbell, and 
Campbell (2000) also assigned Watsonella 
to Stenothecidae rather than to Rostro-
conchia. MacKinnon (1985) believed that 
bivalves are descended directly from mono-
placophorans rather than via an ancestral 
rostroconch stem as the Pojeta-Runnegar 
model presumed. Runnegar (1996) agreed 
that Watsonella may be better regarded as a 
direct link between stenothecid monopla-
cophorans and the Bivalvia rather than the 
oldest known rostroconch. The phylogenetic 
analysis of Carter, Campbell, and Campbell 
(2000) suggested that the Bivalvia is more 
closely related to Watsonella (Stenothecidae) 
and Pseudomyona Runnegar, 1983 (Pseu-
domyonidae) than to Anabarella Vosto-
kova, 1962, and the Rostroconchia. It seems 
that the Rostroconchia and Bivalvia share 
common laterally compressed pseudomyonid 
+ stenothecid ancestry (MacKinnon, 1985; 
Carter, Campbell, & Campbell, 2000). The 
latter authors argued it is difficult to imagine 
how a hinged shell could have been derived 
from the specialized, rigidified dorsal area of 
pegma-bearing rostroconchs. Thus, the first 
evolutionary step from monoplacophorans 
toward both rostroconchs and bivalves was 
lateral compression of the shell, i.e., the 
Stenothecidae-Rostroconchia-Bivalvia clade 
diverging from monoplacophoran ancestors 
(event 1) in the early early Cambrian. That 
is to say, the Bivalvia is evolved directly from 
epifaunal, crawling, laterally compressed 
monoplacophorans. The transition from 
laterally compressed monoplacophoran to 
rostroconch involves the acquisition of a 
pegma and the pseudobivalved condition, 
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whereas the transit ion from lateral ly 
compressed monoplacophoran to bivalve 
(event 2) involves the appearance of a true 
hinge, one or two adductor muscles, and 
differentiation of two lateral centers of 
calcification. All these directly led to the 
birth of the bivalve body plan and also the 
origin of Cambrian archetype bivalves (i.e., 
stem-group bivalves, =Euprotobranchia 
Nevesskaja, 2009). In summary, bivalves 
and rostroconchs represent two different 
evolutionary directions. The hypothesis 
that lateral compression of a yet uncalcified 
shell preceded the subsequent appearance 
of lateral centers of calcification (Yonge, 
1978) is not supported by the fossil record 
(Runnegar & Pojeta, 1985). The establish-
ment of the true bivalved condition was 
undoubtedly accompanied by the emergence 
of hinge teeth to guide the valves during 
closure and the formation of adductor 
muscles. 

Bandel (1988, fig. 8.5, 18) illustrated 
an aberrant embryonic shell of Anodonta 
cygnea with so-called monoplacophoran 
morphology, because it failed to form 
two centers of calcification. This example 
proved that bivalves did evolve from later-
ally compressed monoplacophorans. It is 
suggested that the evolution of the first 
bivalves with two centers of calcification 
from univalves is only a one-step alteration 
(Bandel, 1988). 

Homeobox genes are a group of related 
genes that specify the anterior-posterior axis 
and segment identity of metazoan organ-
isms during early embryonic development 
and play pivotal roles in animal body plan 
formation (Iijima & others, 2006, and refer-
ences therein). Each phylum or class exhibits 
a unique pattern of gene duplication or loss 
in the Hox cluster (Valentine, Erwin, & 
Jablonski, 1996). Among Hox genes, the 
engrailed gene was first found in the fruit 
fly Drosophila to control segmentation, 
limb development, and nervous system 
development. Subsequently, it was found to 
have similar roles in other animals (Gibert, 
2002 & references therein; Nederbragt, 

van Loon, & Dictus, 2002, and refer-
ences therein). A skeletogenetic function of 
engrailed genes that evolved at or near the 
base of the bilaterian clade may help explain 
the sudden appearance of shelly fossils 
during the Cambrian evolutionary explo-
sion (Jacobs & others, 2000). On the other 
hand, the decapentaplegic (dpp) gene, initially 
isolated from the genome of Drosophila 
melanogaster Meigen, belongs to the trans-
forming growth factor-β (TGF-β) family 
of secreted polypeptides and is involved in 
dorsoventral axis specification in both verte-
brates and insects (Nederbragt, van Loon, 
& Dictus, 2002, and references therein). 
Recent studies have shown that the Hox 
genes engrailed (Moshel, Levine, & Collier, 
1998; Jacobs & others, 2000; Wanninger 
& Haszprunar, 2001; Baratte, Andouche, 
& Bonnaud, 2007) and dpp (Nederbragt, 
van Loon, & Dictus, 2002; Iijima & others, 
2008; Kin, Kakoi, & Wada, 2009) are 
responsible for shell formation in gastro-
pods, chitons, bivalves, scaphopods, and 
cephalopods. It is suggested that engrailed 
and dpp are involved in setting up a compart-
ment boundary during shell development 
in mollusks (Nederbragt, van Loon, & 
Dictus, 2002; Kin, Kakoi, & Wada, 2009). 
Bivalve embryonic shell (prodissoconch I) 
formation starts with two centers of calci-
fication (Kniprath, 1981; Waller, 1981, 
1998), both bearing engrailed expressing cells 
(Jacobs & others, 2000, fig. 3H), probably 
indicating a link between the separation of 
two centers of calcification and the regula-
tion of engrailed expressing cells in embry-
onic shell formation. Nederbragt, van 
Loon, and Dictus (2002) concluded that 
engrailed became involved in shell forma-
tion because of its ancestral role, which is 
to set up compartment boundaries between 
embryonic domains. Kin, Kakoi, and Wada 
(2009) argued that the dpp homolog in the 
oyster Saccostrea kegaki Torigoe & Inaba, 
1981, is expressed only in the cells along 
the dorsal midline and contributes to hinge 
structure formation in the Bivalvia, whereas 
the conserved role of engrailed is restricted to 
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shell field formation. In any case, the avail-
able evidence argues in favor of a primary 
univalved (embryonic) shell as being plesio-
morphic for Conchifera, whereas a secondary 
bivalved shell is apomorphic for Bivalvia 
(Wanninger & Haszprunar, 2001). 

Carter, Campbell, and Campbell (2000) 
suggested that the evolutionary transition 
from stenothecid monoplacophoran to true 
bivalve required microstructural differentia-
tion of the ligament, the evolution of at least 
one adductor muscle, loss of permanent shell 
gapes, and rearrangement of imbricated, 
matted/lamello-fibrillar laminae into imbri-
cated, nacreous laminae as in fordilloids, or 
imbricated, calcitic, foliated laminae as in 
tuarangioids. As is well known, the lower and 
middle Cambrian genera Fordilla Barrande, 
1881, and Pojetaia Jell, 1980, had basically 
completed this transition and possessed 
the above-mentioned body plan; therefore, 
they are acknowledged as being the earliest 
true bivalves. Some scholars have doubted 
whether middle Cambrian Tuarangia MacK-
innon, 1982, is a bivalve (Runnegar & 
Pojeta, 1992; Pojeta, 2001), but it does have 
closer affinity with Bivalvia than with Pseu-
domyona, because Tuarangia gravgaerdensis 
tenuiumbonata Hinz-Schallreuter, 1995, 
shows short, anterior and posterior pseudo-
ligament insertion areas, differentiated left 
and right beaks, and possible anterior and 
posterior adductor muscle scars (Carter, 
Campbell, & Campbell, 2000). The imme-
diate common ancestor of Tuarangiidae and 
Fordillidae probably had a divided larval 
shell and a pseudoligament as Carter, Camp-
bell, and Campbell (2000) suggested. Tuar-
angia should be considered one of the stem 
groups of the Bivalvia (Carter, Campbell, 
& Campbell, 2000), although it has nothing 
to do with the true Pteriomorphia (Fang, 
2006c). The evolution of calcitic foliated 
shell fabric in Tuarangia is clearly convergent 
with later pteriomorphians.

Waller (1990, 1998) indicated that 
the primitive bivalve ligament was a three-
layered structure (periostracum, lamellar 
sublayer, fibrous aragonite sublayer); the 

latter two are not continuous with shell 
layers and probably originated as repair 
material secreted as a response to continued 
flexure and fracturing at the posterodorsal 
part of the shell. The anterior adductor may 
have originated by cross-fusion of radial 
muscles along the dorsal side of the ante-
rior mantle embayment, but the posterior 
adductor resulted from cross-fusion of radial 
mantle muscles in a more ventral position, 
below the rectum (Waller, 1998).

The Bivalvia is characterized by the virtual 
absence of a head and associated sensory 
structures. This contrasts sharply with the 
complex head anatomy of active nektonic 
cephalopods and many other invertebrates. 
The reduction or loss of the head and associ-
ated structures, such as the radula, is consis-
tent with the appearance of lateral compres-
sion of the pseudomyonid + stenothecid 
ancestors of the Bivalvia, which elevated 
the head relative to the crawling surface of 
the foot, and which, therefore, elevated the 
mouth and radula above the substratum 
(Yonge, 1939, p. 133). Waller (1998, 
p. 8) suggested that “head reduction” and 
“radular reduction” had probably already 
occurred in ancestral stenothecids, as well 
as rostroconchs, based on the absence of 
radular muscle attachment scars. 

The acquisition of hinged shell valves 
in Cambrian archetype bivalves inevitably 
resulted in their further reduction. The 
bivalve body was enclosed completely by 
a calcareous shell composed of two valves, 
and its head and associated structures were 
out of direct contact with the external envi-
ronment. The evolution of labial palps, 
which are uniquely bivalvian structures and 
which differ from the oral structures of other 
molluscan classes, is a logical consequence of 
this change in body organization (Waller, 
1998). As independent food-gathering 
organs, the initial palps probably received 
food from the foot. That is, stem-group 
bivalves must have used pedal-palp feeding 
with a ventrally emergent foot, since there is 
as yet no evidence for trophic differentiation 
between filter-feeding and deposit-feeding 
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among Cambrian archetype bivalves (Fang, 
2006a).

LIFE HABITS OF CAMBRIAN 
ARCHETYPE BIVALVES

The Cambrian archetype bivalves Fordilla, 
Pojetaia, and Tuarangia are stem-group taxa 
that predate the latest common ancestor of 
the crown-group Bivalvia (Morris, 1990; 
Waller, 1990, 1998; Runnegar & Pojeta, 
1992; Carter, Campbell, & Campbell, 
2000; Fang, 2006a). Both Fordilla and 
Pojetaia possess a bivalved shell, a simple, 
opisthodetic pseudoligament, simple denti-
tion (pretaxodont, sensu Carter, Campbell, 
& Campbell, 2000; Carter, 2001), and a 
series of very well-impressed muscle scars, 
the number and size of which are variable 
(Geyer & Streng, 1998). These muscle 
scars are approximately in the position of 
the adductor and pallial line muscle scars of 
many living bivalves, but they are otherwise 
rather dissimilar (Morris, 1990). Fordilla 
has an unusually large set of muscle inser-
tions forming the posterior part of its pallial 
line (Pojeta & Runnegar, 1976). Stanley 
(1975b, 1977) indicated that Fordilla 
displays unusual and problematical muscle 
scars in the region of pedal emergence, 
and that the morphology and function of 
these muscles are uncertain. Therefore, 
these primitive bivalves are assumed to have 
retained a plesiomorphically ventrally emer-
gent foot, rather than an anteriorly emergent 
one, as in post-Cambrian bivalves. Although 
Pojetaia had a small anterior adductor scar, 
Runnegar and Bentley (1983) emphasized 
the possibility that the pallial muscles in this 
position may not yet have been cross fused. 
In brief, the organs of Pojetaia and Fordilla 
are still at an incipient bivalve evolutionary 
stage (Fang, 2006a).

The interpretation of infaunal habits 
for Cambrian bivalves has long been influ-
enced by an actualistic approach, which 
assumes that early bivalve evolution can 
be inferred from its crown group (Fang, 
2006a). However, the Cambrian was not 
just a time of transition from matgrounds to 

mixgrounds but also a transition from cohe-
sive, fine-grained sediments to softer, soupier 
substrates, characteristic of the rest of the 
Phanerozoic (Seilacher, 1999; Bottjer, 
Hagadorn, & Dornbos, 2000; Dornbos, 
Bott  j e r,  & Ch e n ,  2004; Se i l ac h e r , 
Buatois, & Màngano, 2005; Caron & 
others, 2006). Thus, the paleoecological 
model for pre-Ordovician archetype bivalves 
and paleoenvironments is, to a large extent, 
distinct from modern marine benthic envi-
ronments. Consequently, the early evolution 
of archetype bivalves must have been accom-
plished on matgrounds, the cradle for the 
early evolution of metazoans (Fang, 2006a).

Contrary to common assumptions, the 
advent of a laterally compressed shell is not 
necessarily synchronous with the advent of 
pedal burrowing. First of all, the animal 
must have accomplished the transition 
from a primitive, flat, creeping foot to a 
highly extensible, muscular hydraulic foot 
when the transition was made toward active 
burrowing. Burrowing requires a great deal 
of movement of shell and foot, meaning that 
the two valves must be interlocked with teeth 
and sockets, and that muscle fibers should be 
firmly affixed to the shell. It also requires a 
true ligament, i.e., one with microstructur-
ally differentiated outer tensional and inner 
compressional sublayers, to assist in opening 
the valves. Moreover, burrowing into soft 
substrates consists of repeated adduction 
and opening of the valves in the forward and 
backward rotational movements, integrated 
with protraction and retraction of the foot. 
This, in turn, requires a complex integra-
tion of the muscular system (Trueman, 
1966; Stanley, 1970, 1975b; Pojeta, 1987). 
Fordilla and Pojetaia are not very similar to 
most Ordovician burrowing protobranchs in 
shell shape and inferred musculature (Fang, 
2006a). The failure of Cambrian bivalves to 
diversify greatly suggests that they had not 
yet crossed an adaptive threshold in terms 
of body size and/or complexity (Stanley, 
1975b), and that this adaptive threshold 
for infaunal life was not crossed until the 
Ordovician (Fang, 2006a). This situation 
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is analogous to lingulid brachiopods, which 
similarly did not become infaunal burrowers 
until the Ordovician (Wright, 1979; Usha-
tinskaya, 2001; Harper & others, 2004; 
Zhang & others, 2005).

Ontogenetic studies can provide a basis for 
identifying plesiomorphic features and infer-
ring early evolution, because ontogenetic 
trajectory contains phylogenetic informa-
tion, although in an imprecise way (Arthur, 
2002). In the Bivalvia, the early settled spat 
usually has the tip of its foot flattened and 
a predominantly anterior feeding and respi-
ratory current. This is arguably the most 
economic current system suited for epiben-
thic creeping habits on firm substrates, and it 
has therefore been regarded as plesiomorphic 
for both protobranchs and autobranchs 
(Yonge, 1939; Allen, 1978, 1985). Such a 
current is found in all bivalves for at least a 
short period during early post-metamorphic 
development (Stasek, 1963; Allen, 1985; 
Reid & others, 1992; Waller, 1998), and 
it probably also occurred in Cambrian 
archetype bivalves (Fang, 2006a). These 
features have suggested to malacologists 
that the earliest bivalves were small surface-
dwellers with labial palp-pedal feeding, 
moving over organically rich matgrounds 
in an upright stance, similar to many living 
leptonids (Allen, 1985; Morton, 1995). 
The ventrally emergent foot is used both to 
move and feed, and the gills function only in 
respiration. Reid and others (1992) pointed 
out that labial palp-pedal feeding may be 
a ubiquitous and primitive mechanism 
of food capture in all post-larval bivalves, 
including Protobranchia and Autobranchia. 
This conclusion has become widely accepted 
(Yeager, Cherry, & Neves, 1994; Morton, 
1995; Gatenby, Parker, & Neves, 1997; 
Waller, 1998; O’Beirn, Neves, & Steg, 
1998; Chaparro, Videla, & Thompson, 
2001; Veniot, Bricelj, & Beninger, 2003). 

Feeding in crown-group bivalves entails 
a pair of labial palps on each side of the 
mouth. These either transport food from 
the gills to the mouth, in Autobranchia (the 
labial palp-ctenidia filter feeding mecha-

nism), or, with the addition of distally placed 
palp proboscides, they carry organically 
rich sediment directly to the mouth, as in 
Protobranchia (the labial palp-palp probos-
cides deposit feeding mechanism) (Morris, 
1979). Therefore, gill-touching palps are 
the necessary requirement for the develop-
ment of the additional feeding function 
of the gills, and filter feeding cannot have 
started until the palps came into contact 
with the gills (Morris, 1979; Vogel & 
Gutmann, 1980). The palps may have been 
preadapted for carrying food from the gills 
to the mouth (Fang, 2006a). The interpre-
tation that deposit feeding via palp probos-
cides was the initial mode of feeding in the 
Bivalvia (Yonge, 1939, 1983) is no longer 
widely accepted (Stasek, 1961; Allen, 
1985; Reid & Brand, 1986; Levinton, 
Ward, & Thompson, 1996; Waller, 1998; 
Stead, Thompson, & Jaramillo, 2003). 
Proboscides-palp deposit feeding was devel-
oped only in Protobranchia, and it should 
be regarded as a nuculoid specialization 
(Morton, 1995). Runnegar and Bentley 
(1983) suggested that Pojetaia and Fordilla 
were anatomically like a young Nucula; but 
in Fang’s (2006a) opinion, they were at a 
proto-palpal evolutionary stage. In any case, 
it is improper to place Pojetaia and Fordilla 
in Nuculoida (Protobranchia) (Runnegar 
& Pojeta, 1992; Cope, 1997; Geyer & 
Streng, 1998; Cope & Babin, 1999; Hinz-
Schallreuter, 2000), because they probably 
lacked palp proboscides, which are unique 
to Protobranchia (Waller, 1998), as well 
as paleotaxodont hinge teeth, which are 
characteristic of the earliest Protobranchia 
(Carter, Campbell, & Campbell, 2000).

Regarding the ctenidial-labial palp junc-
tion, Stasek (1963) regarded as primitive 
his Category I, wherein the gills remain 
unfused to the palps. However, the devel-
opment of the gills in post-settlement indi-
viduals of the scallop Placopecten magel-
lanicus (Gmelin, 1791) (Veniot, Bricelj, & 
Beninger, 2003) confirm Waller’s (1998) 
opinion that the more primitive state is no 
contact at all between palps and gills. The 
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cilia on the foot of the spat can transport 
food particles to the labial palps (Chap-
arro, Videla, & Thompson, 2001). Yeager, 
Cherry, and Neves (1994) documented 
the transition from pedal-palp feeding to 
gill-palp filter feeding in juvenile rainbow 
mussels, Villosa iris Lea, 1829 (Unionidae). 
Pedal-palp feeding is the major method of 
obtaining nutrients in the proto-palpal stage 
of protobranch juveniles, before the transi-
tion to proboscides-palp deposit feeding 
(Morton, 1995). The fact that in early 
postlarval bivalves the palps receive food 
particles directly from the ciliary tracts of 
the foot, or from a pedally induced ante-
rior current (Reid & Brand, 1986; Reid 
& others, 1992; Morton, 1995; Waller, 
1998; Chaparro, Videla, & Thompson, 
2001; Veniot, Bricelj, & Beninger, 2003), 
suggests that the earliest bivalves were pedal-
palp feeders, and that neither gill-palp filter 
feeding (Stasek, 1961, 1965; Stanley, 
1975b; Tevesz & McCall, 1976, 1985; 
Vogel & Gutmann, 1980) nor labial palp-
palp proboscides deposit feeding (Yonge, 
1939; Purchon, 1978; Morris, 1979, 1980) 
is the primordial feeding mechanism in 
Bivalvia. Therefore, the basal dichotomy of 
subclasses Protobranchia and Autobranchia 
did not occur before the late Cambrian 
(Fang, 2006a). 

The earliest mollusks are presumed to 
have crawled over microbial mat–bound 
seafloors and grazed the sediment surface 
for microbes (cyanobacteria) and organic 
particles (Salvini-Plawen, 1985; Seilacher, 
1999; Bottjer, Hagadorn, & Dornbos, 
2000; Seilacher, Buatois, & Màngano, 
2005; Caron & others, 2006). This includes 
Cambrian archetype bivalves  (Fa n g , 
2006a), which inherited epibenthic gliding-
creeping habits from the molluscan arche-
type (Salvini-Plawen, 1985). In summary, 
Cambrian archetype bivalves were surface-
dwelling animals, epifaunal and/or intersti-
tial crawling, moving and feeding on the top 
few millimeters of microbial mats, stuffing 
food into their mouth by means of ciliary 
currents on a ventrally emergent foot (Fang, 

2006a). As Morton (1995) pointed out, 
they used the foot both to move and to feed, 
and their gills remained small and simple, 
functioning only for respiration.

LATE CAMBRIAN CRISIS (EVENT 
3) AND THE ORIGIN OF CROWN-

GROUP BIVALVES (EVENT 4)

Stanley (1975a, 1977) suggested that 
the earliest bivalves were only marginally 
successful. No adaptive radiation occurred 
among archetype bivalves, which remained 
at low diversity from the time of their 
appearance in the early Cambrian through 
the end of the Cambrian (Fang, 2006a).

The failure of Cambrian bivalves to diver-
sify is probably related to the Cambrian 
change from Neoproterozoic-style, coherent 
matgrounds to Phanerozoic-style, soupier 
mixgrounds. This exposed Cambrian arche-
type bivalves to new environments for which 
they were not yet anatomically well adapted. 
As suggested by Fang (2006a), when arche-
type bivalves entered infaunal habitats and 
began crawling on and in soft, fine sediment, 
their simple gills were easily clogged by their 
anterior inhalant current. They faced the 
adaptive challenge of keeping the gills and 
mantle cavity free of unwanted sediment. 
Most archetype bivalves did not respond 
well to this evolutionary challenge and went 
extinct. However, a few of them survived 
this evolutionary bottleneck by evolving 
pedal burrowing and more complex ciliary 
mechanisms involving lateral, frontal, and 
laterofrontal cilia (Morton, 1995). Latero-
frontal cilia are unique to Bivalvia and are 
present in both subclasses (Waller, 1998). 
Lateral cilia create the ventilating current, 
whereas the longer laterofrontal cilia stop 
particles and pass them to frontal cilia for 
acceptance as potential food or rejection 
and expulsion from the mantle cavity. Cilia 
lining the mantle cavity, foot, and gills sweep 
rejected sediment to the mantle edge, where 
it accumulates. Every now and then, the 
valves contract rapidly and flush these sedi-
ments out as pseudofeces. Most advanced 
bivalves evolved an additional strategy for 
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avoiding sediment-clogging: they moved 
their inhalant current to the posterior end 
of the body, thereby leading to enlargement 
of the posterior end of the shell. 

The latest common ancestor of modern-
type bivalves (i.e., crown-group bivalves, 
=Eubivalvia Carter, 2011) corresponds 
with branching point III of Waller (1990, 
fig. 2). This ancestor originated from a 
founder population that had completed its 
genetic revolution and rapid morphological 
reorganization sensu Mayr (1942, 1954, 
1963, 1982a, 1982b), somewhere in late 
Cambrian, Gondwanan shelf seas. Only 
when these modern-type bivalves became 
widespread, in the earliest Ordovician, did 
they become part of the known fossil record 
(Fang, 2006a).

Fang (2006a) suggested that Cambrian 
archetype bivalves almost disappeared during 
the late Cambrian so-called Dark Ages, based 
on the observations that (1) no Cambrian 
bivalve genus or species survived into the 
Ordovician; (2) no unequivocal bivalve 
fossils are known from the upper Cambrian 
(Hinz-Schallreuter, 2000; Cope, 2002), a 
real fossil gap (Runnegar, 1983; Pojeta & 
Runnegar, 1985) that constitutes a unique 
lacuna in the otherwise excellent fossil record 
of this class (Budd & Jensen, 2000); and (3) 
all early Ordovician bivalves are geographi-
cally restricted to the Gondwanan and peri-
Gondwanan shelves. From the Tremadoc, 
earliest Ordovician onward, bivalves have a 
continuous fossil record. Geographic restric-
tion and small population sizes may explain 
the gap in the fossil record between the latest 
known, middle Cambrian archetype bivalves 
and the earliest known, early Ordovician 
crown-group bivalves (Fang, 2006a).

When Cambrian archetype bivalves first 
entered infaunal habitats, they could use 
their foot and anterior inhalant current to 
feed (Morton, 1995). The feeding gill may 
have initially evolved for increased respira-
tory efficiency in bivalves immured in sedi-
ments with no proficient connection with 
the water above, and with a need to clean 
the mantle cavity (Morton, 1995). Once 

the gill-palp connection was established, 
filter feeding became an inevitable outcome 
(Fang, 2006a). Cope (1995, 1997, 2002, 
2004) and Cope and Babin (1999) correlated 
the evolution of the feeding gill with the 
explosive diversification of early Ordovician 
bivalves. 

As suggested by Allen (1985), an elongate 
hindgut was established early in bivalve 
evolution, as shown by casts of a complex 
gut in a number of Ordovician nuculoids. 
This enabled the animal to ingest a large 
amount of inorganic sediment along with 
a small admixture of digestible food. These 
observations allow us to infer that Ordovi-
cian protobranchs possessed large labial 
palps, palp proboscides, and relatively small 
gills primarily involved in respiration. The 
array of shell forms displayed by Ordovi-
cian protobranchs is scarcely different in 
extent and composition from Recent proto-
branchs (Allen & Hannah, 1986). There 
is overall similarity of arrangement of the 
mantle cavity and position of the muscle 
scars between Ordovician Praenuculidae and 
living Nuculidae (Morris & Fortey, 1976; 
Morris, 1979).

The presence of a byssus in the young 
and/or adult stages of virtually all Pterio-
morphia and Heteroconchia suggests that 
this feature evolved before these two subdi-
visions of Autobranchia separated. This 
points to a pre-Ordovician common ancestor 
possessing a byssus, at least in its larval stage. 
True byssal secretion is primitively absent 
in Protobranchia (Allen & Hannah, 1986; 
Bandel, 1988; Morton, 1995) and is there-
fore an apomorphy for autobranchs but not 
for the entire Bivalvia (Waller, 1998). The 
evolution of a byssus was an adaptive break-
through of particular significance (Stanley, 
1972, 1977; Morton, 1995). Stanley 
(1975b) suggested that byssal attachment 
was a key feature for the origin and elabora-
tion of sessile modes of life and for diver-
sification among Ordovician endobyssate 
taxa. The secretion of byssus threads by a 
special gland at the base of the foot provided 
an effective means of attachment to hard 
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surfaces and enabled autobranchs to second-
arily return to epifaunal habitats, indepen-
dent of the soft sediments inhabited by their 
infaunal ancestors.

The hypothesis of a small, geograph-
ically restricted, late Cambrian, Gond-
wanan founder population for modern-type 
bivalves is appealing, because it provides a 
plausible explanation for the late Cambrian 
gap in the known fossil record, the delayed 
adaptive radiation of the Bivalvia, and the 
evolutionary paleoecology of Cambrian and 
Ordovician benthos-substrate relationships 
(Fang, 2006a, 2006b). 

ORDOVICIAN RADIATION OF 
CROWN-GROUP BIVALVES
It has long been acknowledged that the 

Ordovician is characterized by two diversi-
fication peaks, one in the early Ordovician 
and another in the late Ordovician (e.g., 
Babin, 1993, 1995, 2001; Cope & Babin, 
1999; Cope, 2002, 2004). The first one is 
recorded mainly on the clastic platforms 
of northwestern Gondwana and periph-
eral microplates, whereas the second one 
is recorded mainly in carbonate and mixed 
platforms located at mid- to low-paleolat-
itudes in Laurentia, Baltica, Siberia, and 
Kazakhstan.

Fang (2006a) outlined the major evolu-
tionary phases of bivalves during the 
Cambrian and Ordovician (Fig. 1). The 
Ordovician radiation began after a late 
Cambrian crisis and was characterized by 
an initial radiation event, an intermediate 
interval of stasis, and a second radiation 
event, terminating in the late Ordovician by 
global extinction. Sánchez (2007) described 
similar evolutionary stages and ecological 
transitions among Ordovician bivalves. As 
in other invertebrate taxa, the Ordovician 
was the most important time for appearance 
of new adaptive strategies in the Bivalvia.

EARLY ORDOVICIAN RADIATION

Since the classic works by Babin (1993, 
1995), new discoveries have significantly 
increased our knowledge of Ordovician 

bivalves and have confirmed the key role of 
Gondwanan and peri-Gondwanan clastic 
shelves in the early evolutionary radiation. 
This paleogeographical area includes the 
late Tremadocian and early Floian carbonate 
platforms of the Precordillera of western 
Argentina, because this is believed to be an 
allochthonous terrain rifted from Laurentia 
in the late Cambrian and placed close to 
the proto-Andean margin by Floian time 
(Benedetto & others, 1999; Benedetto, 
2004). Consequently, for most of the Ordo-
vician, it was a peri-Gondwanan terrain, like 
Avalonia, South China, and other micro-
plates (Fig. 2). 

There are no known Ordovician survi-
vors of Cambrian bivalve genera (Fang, 
2006a). Rather, a new set of genera appeared, 
confirming that bivalves were affected by 
the extinction events of the Cambrian (cf. 
Zhuravlev, 2001). It is likely that the Ordo-
vician bivalve clades originated from small 
isolated refugia of Cambrian populations in 
cold to temperate waters of Gondwanan and 
peri-Gondwanan regions. This would account 
for the fact that most of the oldest Ordovi-
cian bivalves are found along Gondwanan 
margins and not elsewhere (Cope, 1997; 
Cope & Babin, 1999; Sánchez, 2003; Fang, 
2006a, 2006c). As Fang (2006a) stated, 
early Ordovician bivalves could have diver-
sified from a founder population surviving 
the Cambrian biotic crisis, during which 
time the dichotomy between protobranchs 
and autobranchs was accomplished. The 
early Ordovician also saw the biogeographic 
divergence between bivalves inhabiting warm 
carbonate platforms and those inhabiting cold 
to temperate siliciclastic platforms. 

Lower Tremadocian strata from north-
western Argentina (NWA) have yielded some 
presently unidentified bivalves that are larger 
(about 20 mm long) than bivalves recovered 
from upper Tremadocian strata. The latter 
bivalves are separated by a time of about 5 
m.y. from subsequent Floian faunas, making 
the origination of many higher taxa in the 
Bivalvia appear to be more simultaneous 
than it may actually have been. 
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Most of the earliest Ordovician bivalves 
come from muddy sediments, allowing 
one to postulate that this kind of substrate 
favored diversification (Miller, 1988; 
Novack-Gottshall & Miller, 2003). 
However, early Ordovician bivalves were 

not confined to fine-grained, siliciclastic 
facies. For instance, some rare forms in 
the Precordillera are present in subtidal, 
upper Tremadocian to Floian limestones. 
Because these strata contain a rich fauna of 
gastropods, nautiloids, and rostroconchs, 
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Fig. 1. Evolutionary phases of bivalves during the Ordovician (adapted from Fang, 2006a).
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the scarcity of bivalves is not a reflection of 
poor preservation. Novack-Gottshall and 
Miller (2003) suggested that most lower 
Ordovician bivalves proliferated in deep 
water sediments. However, this hypothesis 
has yet to be supported by sedimentological 
studies of Tremadocian-Floian localities, 
and in northwestern Argentina, the bivalve 
faunas represent inner platform settings 
(Astini, 2003, and references therein).  

The oldest records of Ordovician bivalves, 
of Tremadocian age (Fig. 2), are confined 
to the NWA basin (Sánchez, 2008), the 
Montagne Noire of France (Babin, 1982), 
Australia (Pojeta & Gilbert-Tomlinson, 

1977), and South China (Hsu & Ma, 1948; 
Fang, 2006a). Unidentified Tremadocian 
bivalves from the Moroccan Anti-Atlas were 
mentioned by Cope (2004). 

The upper lower Tremadocian of the 
NWA basin has yielded Losella Sánchez, 
2006, and Goniophorina Isberg, 1934, both 
taxa included in Modiolopsidae. The upper 
Tremadocian of NWA basin has yielded 
Eoredonia Sánchez, 2008; Intihuarella 
Sánchez, 2003 (in Sánchez & Vaccari, 
2003); Cienagomya Sánchez, 2005; Coxi-
conchia Babin, 1966; Ucumaris Sánchez (in 
Sánchez & Vaccari, 2003);Ucumaropsis 
Sánchez, 2005; and Lipanella Sánchez, 2005 
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(Sánchez, 2008). Babinka Barrande, 1881; 
Noradonta Pojeta & Gilbert-Tomlinson, 
1977; Ekaterodonta Babin, 1982; Redonia 
Rouault, 1851; Synek Barrande, 1881; and 
Miquelana Babin, 1982, occur in the upper 
Tremadocian of the Montaigne Noire (Babin, 
1982). The upper Tremadocian fauna from 
the Pacoota Formation of Australia (Pojeta 
& Gilbert-Tomlinson, 1977) includes 
Colpantyx Pojeta & Gilbert-Tomlinson, 
1977; Pharcidoconcha Pojeta & Gilbert-
Tomlinson, 1977; Xestoconcha Pojeta & 
Gilbert-Tomlinson, 1977; Cyrtodontula 
Tomlin, 1931; and Deceptrix? Fuchs, 1919. 
Since the Australian material is very scarce 
and lacks well-preserved hinges, assignation of 
Deceptrix? sp. to Protobranchia is uncertain. 
The Chinese material includes the single 
genus and species Pharcidoconcha parallela 
(Hsu, 1948) (Hsu in Hsu & Ma, 1948; 
Fang, 2006a). 

The Precordillera terrain of Argentina 
contains Modiolopsis? Hall, 1847, upper 
Tremadoc, and a poorly preserved ambo-
nychiid of lower Floian age, the earliest pres-
ently known member of its family (Sánchez, 
2001). 

The taxonomic composition of these 
assemblages indicates that Protobran-
chia, Pteriomorphia, and Heteroconchia 
differentiated at least as early as the early 
Ordovician. The heteroconch subgroup 
Anomalodesmata, the paraphyletic root-
stock for infrasubcohort Cardiidia, was also 
distinct by this time, as shown by Ucumaris 
and Ucumaropsis (Sánchez & Vaccari, 
2003). The relationships of some of the 
early Ordovician genera, such as Synek, 
remain uncertain (Babin, 1982). This may 
be because some of the early Ordovician 
lineages originated in isolation, leading 
to the appearance of some lineages (e.g., 
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ucumarids, redoniids) that are ancestral to 
groups persisting through the Ordovician, 
as well as other lineages that are temporally 
and geographically restricted (lipanellids) 
and lineages that cannot be included within 
any modern higher taxon. Lipanellidae is 
presently placed in Heteroconchia as a near 
basal family, due to the presence of multiple 
subumbonal muscle scars.

Redoniids appear to have originated in 
northwestern Argentina, with Eoredonia 
Sánchez representing the base of their 

clade (Sánchez, 2008). Coxiconchia babini 
Sánchez, 2005, is a basal babinkid, which 
includes the coxiconchins (Fig. 3), and the 
intihuarellids Intihuarella Sánchez and 
Cienagomya Sánchez are basal cycloconchids 
(Sánchez, 2008). It seems likely that the 
ucumarids Ucumaropsis Sánchez, Ucumaris 
Sánchez, and Arenigomya Cope (1996) 
gave rise to the Anomalodesmata (Cope, 
1996; Sánchez & Vaccari, 2003). Miner-
alized periostracal pustules of ucumarids 
favor placement of this family in Pholado
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myoidea, but it could be related to the 
modiolopsids and probably also lipanellids 
(Fig. 4), forming a lineage characterized by 
an edentulous hinge, slopes at both sides of 
the umbo, and radial ornament (Sánchez, 
2006). Alternatively, if ucumarids (and 
Arenigomya) did not give rise to the Anom-
alodesmata, they may represent a dead-end 
group that cannot be accommodated within 
current higher taxa. The main problem with 
early bivalve phylogeny is that the most 
basal forms for many higher taxa remain 
unknown. The earliest known early Ordo-
vician heteroconchs and pteriomorphians 
already possess the synapomorphies charac-
teristic of their group.   

Beginning in the mid-Floian, and espe-
cially during the Dapingian, the number 
of bivalve genera increased exponentially in 
South Wales, Iberia, Australia, South China, 
Indochina, and Argentina. The scarcity of 
bivalves of this age in Bolivia may be due 
to lack of intensive searching. Some taxa are 
shared by several localities (e.g., Babinka, 
Noradonta, Redonia), but other taxa are very 
restricted geographically, such as Catamarcaia 
Sánchez & Babin, 1993 (Famatina, western 
Argentina); Pensarnia Cope, 1996, and Celto-
concha Cope, 1996 (South Wales); Dulcineaia 
Babin & Gutiérrez-Marco, 1991 (Spain); 
Colpantyx Pojeta & Gilbert-Tomlinson, 
1977, and Denticelox Pojeta & Gilbert-
Tomlinson, 1977 (Australia); Haidongo-
concha Fang & Cope, 2004, and Eopterinea 
Fang & Cope, 2004 (eastern West Yunnan, 
Indochina); Zadimerodia Guo, 1988, and 
Zhenxiongella Fang & Cope, 2008 (eastern 
Yunnan, southern China).

The Ordovician diversification of bivalves 
is comparable to that of other animal classes: 
an extinction event (terminal Cambrian for 
bivalves) is followed by geographic disper-
sion from isolated populations, and then 
rapid evolutionary radiation. Through this 
process, anatomical and physiological novel-
ties result in the origin of new life habits 
and clades. One example, among many, 
is the origin of epibenthic life habits in 
Ambonychiidae and other pteriomorphians, 

involving modification of shell outline, 
reduction of the anterior adductor muscle, 
and retention of a byssus in adults. In many 
cases, however, the new clade does not 
become widely dispersed, and it does not 
persist for long (e.g., Lipanella, Synek).

Paleogeographic reconstructions for the 
early Paleozoic indicate that the Gondwana 
core and a number of peripheral terrains 
extended over 100º paleolatitude, from the 
South Pole, then near North Africa, to the 
Equator. Fortey and Cocks (2003) divided 
this supercontinent into three latitudinal 
belts: high latitude West Gondwana (North 
Africa, Armorica, Perunica, Avalonia), low 
latitude East Gondwana (mainly Australia 
and South China), and intermediate lati-
tude Gondwana (mainly South America). 
The geographic distribution of Ordovi-
cian bivalve higher taxa seems to have been 
controlled largely by water temperature 
(Cope & Babin, 1999; Babin, 2001; Cope, 
2002; Fang & Cope, 2004, 2008). Ordovi-
cian high-latitude bivalve faunas were domi-
nated by heteroconchs, whereas low latitude 
faunas were dominated by pteriomorphians 
and nuculoids. The more temperate western 
Argentina shelves show a change in propor-
tion of higher taxa, with heteroconchs domi-
nating the NWA basin and pteriomorphians 
dominating the Famatina basin. Sánchez 
(2008) suggested that taxonomic differ-
ences between the two basins are due to 
the different tectonic setting, e.g., wide 
foreland siliciclastic platforms in the former 
and narrow volcaniclastic platforms in the 
latter. The lower latitude of Famatina with 
respect to NWA (ca. 10º) may account for 
the presence of pteriomorphians in Floian 
beds and their absence in NWA and Bolivia. 

This initial diversification of bivalves 
during the Tremadocian and Floian was 
marked by three key features: adaptations 
for burrowing evolved in both Protobranchia 
and Autobranchia, feeding gills, and reten-
tion of the byssus in the adult stage (Fang, 
2006a). The first feature allowed exploita-
tion of previously unoccupied ecospace 
by means of pedal burrowing. It is likely 
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that this was the main factor allowing for 
the initial radiation of protobranchs and, 
with some differences, also autobranchs 
(Fang, 2006a, 2006b). With only a few 
exceptions, Autobranchia were endofaunal 
during the early Ordovician, with the 
majority of its species then being shallow 
endofaunal. Although deeper burrowing 
was attained during the second Ordovician 
diversification, it seems likely that the NWA 
Dapingian genus Konduria Sánchez, 2007 
(in Sánchez & Benedetto, 2007), which 
possessed a small pallial sinus and an elon-
gate, low convexity shell, could have already 
been a relatively deep burrower (Sánchez 
& Benedetto, 2007). The cycloconchoid 
Fasciculodonta Fang and Cope, 2004, upper 
Floian–Dapingian, also has a shallow pallial 
sinus (Fang & Cope, 2004).

Feeding gills enhanced the diversification 
of autobranch but not protobranch bivalves 
during the Ordovician. Yonge (1947), Cope 
(1995, 1997, 2002, 2004), and Cope and 
Babin (1999) stressed the great importance 
of this feature in bivalve evolution. Feeding 
gills allowed some bivalves to ingest micro-
organisms and organic matter in suspen-
sion, thereby taking advantage of a nutrient 
source that increased with the advent of sea 
floor bioturbation. This adaptation can be 
inferred from the presence of strong hinge 
dentition in many Autobranchia. According 
to Cope (1995), suspension feeding requires 
the periodic voiding of rejected material 
(pseudofeces) from the gills by rapid opening 
and closing of the valves, and this, in turn, 
requires well-developed hinge teeth to keep 
the valves aligned. Pedal scars reduced in 
number and positioned high in the umbones 
in later Ordovician actinodonts may indicate 
enlargement of the mantle cavity, and there-
fore more efficient suspension feeding in that 
group (Morris, 1978). This suggests that the 
earlier actinodonts were poorly adapted for 
suspension feeding.

Byssal attachment, as Stanley (1975b) 
suggested, was a key feature for the diver-
sification of Ordovician endobyssate taxa. 
The retention of the byssus in the adult 

stage allowed for fixation of the shell to the 
substrate, thereby enhancing stability in 
both endofaunal taxa, as well as in epifaunal 
taxa, in high energy environments. The 
presence of a byssus in the young and/or 
adult stages of Autobranchia (pteriomor-
phians and heteroconchs) suggests that it 
evolved before these two clades separated. 
This points to a pre-Ordovician common 
ancestor with at least a byssate larval stage. 
True byssal secretion is primitively absent 
in Protobranchia (Allen & Hannah, 1986; 
Bandel, 1988; Morton, 1995) and is there-
fore an apomorphy for autobranchs but not 
for the entire class Bivalvia (Waller, 1998). 
The significance of the evolution of a byssus 
in autobranchs has been stressed by Stanley 
(1972, 1977) and Morton (1995). The 
earliest record of an epifaunal life habit in 
bivalves is an undetermined, lower Floian 
ambonychiid from the Precordillera. The 
subsequent great diversification of ambo-
nychiids in the late Ordovician is a reflection 
of the success of this structure. 

In summary, the feeding gill and byssus 
are the major synapomorphies for Auto-
branchia, whereas detritus-collecting palp 
proboscides are the major autapomorphy for 
Protobranchia (Fang, 2006a). 

The ability to form hinge teeth may be a 
synapomorphy for the Bivalvia. Although 
this may be true, bivalves show many exam-
ples of convergent return to an edentulous 
condition, thereby confounding attempts 
to use this feature as a primary basis for 
establishing higher level evolutionary rela-
tionships (Carter, Campbell, & Campbell, 
2000). Cambrian Fordilla and Pojetaia were 
pretaxodont (Carter, Campbell, & Camp-
bell, 2000), whereas modiolopsids, the 
earliest known Ordovician bivalves, were 
edentulous. Babin and Hammann (2001) 
and Babin (2002) suggested a hypothetical 
edentulous ancestor or having incipient 
cardinal and/or lateral teeth, which was 
neither taxodont nor actinodont. Dentate 
bivalves appeared in the Ordovician by the 
late Tremadocian, and by the early Floian, 
several dental patterns had appeared, e.g., 
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different types of actinodonty (babinkids, 
redonids, cycloconchids), gradidentate 
paleotaxodonty (protobranchs), and hetero-
taxodonty (afghanodesmatids).

In the past, it has been customary to shoe-
horn some early Ordovician bivalves into 
higher taxa, for which they have some but 
not all of the diagnostic features. The ucuma-
rids and Arenigomya, for example, display 
pustules at the intersection of commarginal 
and radial lines, and on this basis, they have 
been referred to Anomalodesmata. However, 
these taxa lack certain other features typical 
of extant Anomalodesmata. It may be best 
to define bivalve higher taxa polytheti-
cally, rather than on the basis of absolute 
apomorphies. In a polythetic higher taxon, 
members are required to posses only a speci-
fied majority of indicated apomorphies. In 
addition, some early taxa may be best clas-
sified as plesions, i.e., taxa close to but not 
fully members of a specified higher taxon. 

LATE ORDOVICIAN RADIATION

The second Ordovician radiation of the 
Bivalvia occurred during Sandbian time 
and involved mostly pteriomorphians and 
protobranchs. At the same time, afgha-
nodesmatoids (=cardiolarioids) and hetero-
conchs declined in diversity (Fig. 5). Bivalves 
expanded their distribution to Laurentia, 
Siberia, Baltica, and Kazakhstan, thereby 
becoming much more widespread. However, 
this radiation involved no new higher taxa. It 
is apparent only at the generic and familial 
levels. Colonization of extra-Gondwanan 
areas during the Sandbian may have been 
enhanced by a sea level highstand, as is 
well documented for Laurentia and Baltica 
(Babin, 2001; Nielsen, 2004). 

Ambonychiids underwent an impor-
tant late Ordovician radiation in Laurentia 
(Pojeta, 1966, 1997). Most of the genera 
in this family are in fact confined to this 

Fig. 5. Changing patterns of Ordovician bivalve diversity (adapted from Fang, 2006a).
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paleocontinent. It has been postulated that 
this radiation was promoted by an input 
of terrigenous sediment from the Taconic 
orogeny (Miller & Mao, 1995). 

Small radiation-extinction events have 
been recognized in some areas, as in the 
Sandbian of the Argentine Precordillera. The 
protobranchs there experienced a remark-
able radiation (Sánchez, 1999b), which 
appears to be related to short-term oceanic 
warming (Sánchez, 1999a). This increase in 
temperature may also explain the occurrence 
of an undetermined ambonychiid in the 
upper Sandbian strata of the Precordillera 
terrain, which at that time was adjacent to 
Gondwana (Sánchez, 2003).

In summary, the late Ordovician bivalve 
radiation is characterized by the widespread 
colonization of mid- to low-latitude platforms 
and more restricted, local radiation events. 

PROBABLE CAUSES OF THE TWO 
ORDOVICIAN EVOLUTIONARY 

RADIATIONS

The main difference between the two 
Ordovician radiation events is that the 
early Ordovician involved mainly new key 
features, such as pedal burrowing, feeding 
gills, and retention of the byssus in the adult, 
followed by the emergence of new adaptive 
strategies, whereas late Ordovician radiation 
involved an increase of genera and species 
within existing clades. 

The early Ordovician radiation resulted 
in the appearance of all bivalve subclasses, 
superorders, and other principal clades, 
as well as the four major life habits, i.e., 
endobyssate filter-feeders (Modiolop-
soidea, Cyrtodontoidea), free-burrowing 
deposit-feeders (Protobranchia), free-
burrowing filter-feeders (Heteroconchia), 
and epibyssate filter-feeders (Pterineidae) 
(Fang, 2006a). Siphons were a common 
feature in unrelated, burrowing lineages, but 
siphonate burrowing did not become fully 
established until the Devonian (Stanley, 
1977). Siphons can be recognized in fossils 
by the presence of a posterior pallial sinus. 
They allowed deeper infaunal coloniza-

tion, an important advantage in the face 
of increasing predation (Vermeij, 1987). 
However, this feature was restricted to a few 
Ordovician genera (e.g., Konduria, Fascicu-
lodonta, and Lyrodesma Conrad, 1841) and 
was not an important factor for the late 
Ordovician radiation. 

A comparable late Ordovician increase in 
diversity was attained by other invertebrate taxa, 
such as echinoderms, gastropods, and brachio-
pods (Webby & others, 2004). It followed an 
interval of evolutionary stasis, spanning broadly 
Darriwilian time, when bivalves were still 
geographically restricted to peri-Gondwanan 
shelf areas. It was not until the latest middle 
Ordovician that bivalves began to escape the 
confines of Gondwana, thereby triggering the 
late Ordovician radiation (Fang, 2006a). 

In summary, modern-type bivalves origi-
nated in the Ordovician (Miller, 1990), 
with all principal clades and all four prin-
cipal life-habit groups initially appearing 
during the early Ordovician. Bivalves there-
fore accomplished major morphological 
innovations relatively rapidly during the 
Cambrian–Ordovician transition. The most 
remarkable phenomenon is the nearly simul-
taneous appearance of these innovations. 
This is consistent with the general pattern 
in other invertebrate groups, where major 
morphological innovations occur primarily 
during their early history, and subsequent 
evolution involves elaboration and varia-
tion on these themes (Stanley, 1968; Mayr, 
1982b; Erwin, 1994). The basal dichotomy 
between protobranchs and autobranchs and 
the basal branching among autobranchs must 
have been completed during this early period.
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